Plasmids have been constructed in which the Escherichia coli alkaline phosphatase promoter and signal sequence have been fused to the staphylococcal nuclease gene to promote the high-level expression and secretion of this gene product in E. coli. We determined that the first amino acid residue after the signal sequence can determine whether this protein was processed and exported to the periplasmic space. Fractionation and protease accessibility studies were used to show that the export-defective, nuclease precursor is internal to the cytoplasmic membrane barrier of the cell. Furthernore, this export defect was suppressed in a strain containing a prUi mutation. These findings are novel in that this region of the polypeptide chain has been implicated in processing but not export and that priA mutations have not been previously known to suppress such defects. While engineering the high-level expression and secretion of the nuclease from Staphylococcus aureus Foggi in Escherichia coli, we noticed that the first amino acid after the signal sequence can determine whether staphylococcal nuclease was processed and exported to the periplasmic space. Furthermore, thiS export defect was suppressed in a strain containing a prlA mutation (4). These findings are novel since mutations adjacent to the processing site generally affect signal peptide cleavage but not export (8, 16), and prlA mutations have been shown to suppress defects in the hydrophobic core region of the signal sequence (3, 4) but not defects adjacent to the processing site. Therefore, we characterized this phenomenon in greater detail, and the results are described below. To promote the high-level expression and secretion of staphylococcal nuclease in E. coli, plasmids have been constructed in which this gene lacking its own signal sequence (18) was fused to the E. coli alkaline phosphatase promoter and signal sequence (7). pFOG403 is a pBR322 derivative plasmid containing a precise fusion of these elements (Fig. 1) . To maintain an amino acid sequence adjacent to the processing site similar to that found in the alkaline phosphatase precursor, oligonucleotide-directed mutagenesis was performed on pFOG403 to insert the triplet CGG encoding an arginine residue between the alkaline phosphatase signal sequence and the staphylococcal nuclease gene (Fig. 1) . This procedure resulted in the creation of pFOG406. The details of these plasmid constructions will be described elsewhere (D. Shortle, manuscript in preparation).
While engineering the high-level expression and secretion of the nuclease from Staphylococcus aureus Foggi in Escherichia coli, we noticed that the first amino acid after the signal sequence can determine whether staphylococcal nuclease was processed and exported to the periplasmic space. Furthermore, thiS export defect was suppressed in a strain containing a prlA mutation (4) . These findings are novel since mutations adjacent to the processing site generally affect signal peptide cleavage but not export (8, 16) , and prlA mutations have been shown to suppress defects in the hydrophobic core region of the signal sequence (3, 4) but not defects adjacent to the processing site. Therefore, we characterized this phenomenon in greater detail, and the results are described below. To promote the high-level expression and secretion of staphylococcal nuclease in E. coli, plasmids have been constructed in which this gene lacking its own signal sequence (18) was fused to the E. coli alkaline phosphatase promoter and signal sequence (7) . pFOG403 is a pBR322 derivative plasmid containing a precise fusion of these elements (Fig. 1) . To maintain an amino acid sequence adjacent to the processing site similar to that found in the alkaline phosphatase precursor, oligonucleotide-directed mutagenesis was performed on pFOG403 to insert the triplet CGG encoding an arginine residue between the alkaline phosphatase signal sequence and the staphylococcal nuclease gene (Fig. 1 ). This procedure resulted in the creation of pFOG406. The details of these plasmid constructions will be described elsewhere (D. Shortle, manuscript in preparation).
Strain MC4100 (F-AlacUJ69 araD136 relA rpsL thi) (10) or its isogenic derivative SE6004 containing the prlA4 mutation t3) was used as a host for pFOG403, pFOG406, or pBR322. Overnight cultures grown in L broth were diluted 50-fold into MOPS (morpholinopropanesulfonic acid) medium (14) containing 1.0% glucose, 0.15% vitamin-free casein hydrolysate, 0.0001% thiamine, and 0.1 mM KH2PO4 and grown at 37°C with shaking for 7 h to allow induction and accumulation of the plasmid-encoded staphylococcal nuclease. For radiolabeling protein, strains were grown for 4 (1, 050 Ci/mmol) at 20 ,uCi/ml for 10 min. Staphylococcal nuclease was immunoprecipitated from radiolabeled cultures as described previously (15) with an antiserum directed against this protein. Total cell protein and immunoprecipitates were examined on a 15% polyacrylamide gel containing sodium dodecyl sulfate (Fig. 2) . Both strains MC4100 and SE6004 containing pFOG403 had high nuclease activity upon phosphate starvation (360 and 450 U/mg of protein, respectively [6] ) and produced large quantities of a protein that comigrates with purified staphylococcal nuclease (Worthington Diagnostics) and is immunoprecipitable with staphylococcal nuclease antiserum (Fig. 2, lanes 1, 2, 6 , 8, and 9). In contrast, strain MC4100 containing pFOG406 had little nuclease activity upon phosphate starvation (20 U/mg of protein) and instead produced large quantities of a somewhat higher-molecular-weight protein that is the presumed staphylococcal nuclease precursor since it is immunoprecipitable with staphylococcal nuclease antiserum (Fig. 2, lanes 3 and  10) . Thus, the additional arginine codon present after the alkaline phosphatase signal sequence encoded on pFOG406 results in the production of an enzymatically inactive, unprocessed precursor. This result is somewhat unexpected since an arginine residue is normally found at this position in alkaline phosphatase (Fig. 1) . Furthermore, when pFOG406 was introduced into strain SE6004 containing a priA mutation, this export or processing defect was suppressed, resulting in the processing and restored enzymatic activity of a major portion of staphylococcal nuclease produced by this strain (425 U/mg of protein) (Fig. 2, lanes 4 and 11) . This result is also somewhat unexpected since prlA suppressor mutations have been shown previously to suppress defects in the hydrophobic core region of the signal sequence (3, 4) but not defects adjacent to the processing site.
We determined the cellular location of the staphylococcal nuclease precursor and mature form that are produced in these strains. Periplasmic fractions were prepared from strains grown without labeling as described above by the lysozyme-EDTA method described previously (15) ..We also used an alternative method that specifically releases staphylococcal nuclease that has been secreted into the periplasmic space. In this method cells are sedimented, resuspended in 1/40 volume of cold 1 (15) and analyzed on 15% polyacrylamide gels containing sodium dodecyl sulfate (Fig. 4) . It can be seen that staphylococcal nuclease present in spheroplasts of strain MC4100 containing pFOG403 is de'graded by the addition of trypsin either when the cytoplasmic membrane is intact or when it is disrupted by the addition of Triton X-100, indicating 'that this protein is secreted through the cytoplasmic membrane (Fig. 4 , cf. lanes 2 through 5 with lanes 6 through 9). In contrast, the staphylococcal huclease precursor present in spheroplasts of stra'in MC4190\ containing pFOG406 is degr,aded only when the cytoplasmic membrane is disrupted by the addition of Triton X-100, indicating that this protein is internal to the cytoplasmic membrane (Fig. 4 incubated on ice for 20 min, and sedimented, and the supernatant fraction is recovered (D. Shortle, personal communication) (Fig. 3) . Strains MC4100 and SE6004 containing pFQG403 as well as strain SE6004 containing pFOG406 produced mature periplasmic staphylococcal nuclease that could be specifi,cally released by either of these methods (Fig. 3, lanes 1, 2, and 4, and 7, 8, and 10) . In'contrast, staphylococcal nuclease precursor made by strain MC4100 containing pFOG406 was not released by either method (Fig.  3, lanes 3 and 9) . We conclude either that the staphylococcal nuclease precursor made by this strain exhibits a secretion defect or that it is secreted but not released fhto the periplasmic fraction because it is insoluble or associated with the exterior face of the cytoplasmic membrane, as has been found with several other exported proteins with abnormal structures (11, 12) .
To determine whether the unprocessed staphylococcal nuclease precursor produced from strqjn 44C4100 containing pFOG406 is exterior to the cytoplasmic membrane bwrier, we performed trypsin accessibility studies on spheroplasts.
Cultures were labeled with [3'S]methionine as described (1, 050 Ci/mmol) per ml for 10 min. Immunoprecipitation of staphylococcal nuclease was performed as described previously (15) . Each immunoprecipitate (20 ,ul) corresponding to 0.08 ml of the respective culture was analyzed on the polyacrylamide gel shown. Lanes: 1 through 5, gel stained with Coomassie brilliant blue R of total cell protein from MC4100(pFOG403), SE6004(pFOG403), MC4100(pFOG406), SE6004(pFOG406), and MC4100(pBR322); 6, staphylococcal nuclease standard; 7' radiolabeled precursor and mature form of staphylococcal nuclease; 8 through 12, autoradiogram of immunoprecipitates of the cultures given in lanes 1 through 5. preSN and SN indicate the positions of staphylococcal nuclease precursor and mature form, respectiv'ely. through 13 with lanes 14 through ,17). Thus the unprocessed staphylococcal nuclease precursor produced by strain MC4100 containing pFOG406 has not crossed the cytoplasmic membrane barrier and therefore exhibits a secretion defect.
Previous studies on the export of proteins to the periplasmic space of E. coli have implicated the signal sequence as serving a primary role in this process. Proteins with defects in the hydrophobic core region of the signal sequence are export defective and accumulate as unsecreted cytoplasmic precursors (2, 5, 13) . In contrast, proteins with defects adjacent to the processing site either within the signal sequience (9) or within the early mature region (8, 16) show processing defects but are exported to the correct cellular location. The staphylococcal nuclease precursor encoded by pFOG406 represents a novel example in which a change in the first amino acid residue after the signal sequence can prevent export of the protein through the cytoplasmic membrane. This result may indicate that the signal peptide and early mature region of an envelope protein. assume a particular structure that is necessary to promote export of the protein. Such a structure would be required to correctly interact with the export machinery of the cell. In accord with this proposal, a priA mutation was, found to suppress the export defect caused by an amino acid alteration adjacent to the normal processing site present in staphylococcal nuclease encoded by pFOG406.
The priA gene product is thought to be a component of the E. coli export machinery since certain priA mutations can suppress defects in the hydrophobic core regiqn of signal sequences in an allelic specific manner (3), whereas other Periplasmic location of the processed form of staphylococcal nuclease. Strains were grown without labeling as described in the legend to Fig. 2 , and the periplasmic fractioh was isolated by the lysozyme-EDTA method descrnbed previously (15) . Alternatively, a portion of each culture was subjected to the high-pH, Tris-EDTA procedure described in the text. A 20-pJ volume of 10-fold concentrated periplasmic fractions and 5 IL of 40-fold high-pH, Tris-EDTA supernatants were heated at 100°C for 2 min in sample buffer and analyzed on the polyacrylamide gel shown. Lanes: '1 through 5, periplasmic fractions from MC41bO(pFOG403), SE6004(pFOG403), MC4100(pFOG406), SE6004(pFOG406), and MC4100/pBR322, respectively; 6, staphylococcal nuclease standard; 7 conditional lethal prlA alleles show general export defects with normal envelope proteins (17) . It has been proposed that the pr/A gene product interacts with the signal peptide of an envelope protein to pro'mote its export (3, 4) . Since an altered prlA gene product not only suppresses defects in the hydrophobic core region of the signal peptide but also a defect adjacent to the normal processing site, then it may be the overall structure of the amino-terminal region of the envelope protein that the prlA gene product is recognizing rather than a specific site within the signal peptide. This line of reasoning is supported by the finding that primary defects within the hydrophobic core region of the signal peptide for maltose-binding protein can be corrected somewhat by secondary amino acid alterations in the 19th mature amino acid residue of this protein (1) . Clarification of the role of the early mature region of an envelope protein in promoting its export and the involvement of the priA gene product in this process will require further genetic and biochemical analysis of these components.
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